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Abstract 

We study NisoFe2o-based permalloys with the relativistic spin-polarized Korringa- 
Kohn-Rostoker electronic structure method. Treating the compositional disorder 
with the coherent potential approximation, we investigate how the magnetocrys- 
talline anisotropy, K, and magnetostriction, A, of Ni-rich Ni-Fe alloys vary with the 
addition of small amounts of non-magnetic transition metals, Cu and Mo. From our 
calculations we follow the trends in K and A and find the compositions of Ni-Fe-Cu 
and Ni-Fe-Mo where both are near zero. These high permeability compositions of 
Ni-Fe-Cu and Ni-Fe-Mo match well with those discovered experimentally. We mon- 
itor the connection of the magnetic anisotropy with the number of minority spin 
electrons N\. By raising N\ via artificially increasing the band-filling of NisoFe2o, 
we are able to reproduce the key features that underpin the magnetic softening 
we find in the ternary alloys. The effect of band-filling on the dependence of mag- 
netocrystalline anisotropy on atomic short-range order in NisoFe2o is also studied. 
Our calculations, based on a static concentration wave theory, indicate that the 
susceptibility of the high permeability of the Ni-Fe-Cu and Ni-Fe-Mo alloys to their 
annealing conditions is also strongly dependent on the alloys' compositions. An ideal 
soft magnet appears from these calculations. 
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1 Introduction 



For a magnet to be soft, weak fields must be able to change the overall mag- 
netisation readily. Such high permeability comes about because the energies 
of the domain walls are low so that the magnetic anisotropy constants, K, are 
also very small. The internal stresses caused by the changes of magnetisation 
must also be minimal making the magnetostriction coefficients, A, as small as 
possible. [1] Roughly the magnetic permeability is proportional to M%/K e ff, 
where M s is the saturation magnetisation and K e ff is a measure of magnetic 
anisotropy and magnetostriction, K e ff = K e ff(K, A). 

Some of the magnetically softest ferromagnetic materials are based on the 
Ni 80 Fe 2 o permalloy and their high permeability finds them numerous applica- 
tions in, for example, magnetic recording heads, spin valve devices and elec- 
trical power generation. In binary Nii_ c Fe c alloys, K and A both vary with 
concentration c and in the vicinity of c = 0.2 pass through zero at slightly 
different compositions and so the addition of a third or fourth component 
is required to achieve 'the focus of zero'. [2] General guidelines for achieving 
near zero anisotropy and magnetostriction in ternary and quaternary Ni 80 Fe 2 o- 
based permalloys are now well established thanks to experimental work on 
hundreds of samples. [3,4,5] 

Recently we have carried out a theoretical investigation for a prototypical soft 
magnetic metal, body-centered cubic (bcc) iron [6], and have examined how 
its K and A would vary if its lattice spacing (volume) and number of valence 
electrons (band-filling) could be altered. We have found that on reducing the 
band-filling and increasing the volume, iron's magnetic properties soften con- 
siderably. This situation can be realised in practice by doping bcc Fe with 
vanadium. We then tested our model by an explicit study of iron-rich Fe-V 
alloys and found the optimal composition for the smallest K and A. In partic- 
ular, we found that Feo.gVo.i is a high permeability material. Good agreement 
with experimental values for the magnetocrystalline anisotropy energy (MAE) 
and magnetostriction of both Fe and FeV was found. 

In this paper, we start instead from a binary component 'parent' soft mag- 
net, Nii_ c Fe c with c ~ 0.2 and see if a similar, ab-initio approach can explain 
how the addition of small amounts of non-magnetic impurities, Cu and Mo, 
produce the magnetically softest permalloys. Our approach is based on the 
spin-polarized relativistic Korringa-Kohn-Rostoker (SPR-KKR) density func- 
tional theoretical (DFT) method, within the coherent-potential approximation 
(CPA) [7,8] for randomly disordered alloys. We explore the variation of the two 
main factors, K and A, in Ni 1 _ c Fe c _ x Cu(Mo) x with concentrations c and x and 
find the values which bring both quantities to optimally low values to promote 
high permeability. James et al. [9] have also recently carried out studies of the 
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magnetostriction and magnetic anisotropy of 3d transition metal alloys from a 
'first principles' electronic structure framework. From their calculations, they 
propose that the trends are linked to the number of occupied minority spin 
d-states. We see if such a link is evident from our calculations here on binary 
and ternary permalloys. 

The magnetic anisotropy constants K of Ni-rich permalloys depend also on the 
existence of the long- and short-range order. There is a Ll 2 (Cu3Au)-ordered 
Ni 3 Fe phase below 600°C. The high permeability values of technically impor- 
tant 80 % Ni permalloys are achieved by specified annealing in the ordered 
range Ni 3 Fe. Here, the manufacturing processes and final heat treatment of 
permalloys are very important role for the alloys' microstructures and also 
their final magnetic properties (coercivity, hysteresis loop shape etc.). Conse- 
quently, we also present here a study of the effect of compositional order on 
the high permeability Ni 80 Fe 2 o alloy and how this may be expected to vary 
when a non-magnetic transition metal dopant is added. This builds on our 
earlier work in which we described why directional chemical order and signifi- 
cant uniaxial magnetic anisotropy is induced in permalloy when it is annealed 
in a magnetic field. [8] 

In the next section we briefly summarise our approach for calculating the 
MAE of metals and alloys, using the SPR-KKR method. We then show how 
the magnetostriction can also be found. In the following section we use the 
SPR-KKR method to study Nii_ c Fe c , (c « 0.2) and related Ni-Fe-Cu and 
Ni-Fe-Mo ternary alloys focussing on the region where high permeability ap- 
pears. We discuss these results in terms of band-filling (number of valence 
electrons per atom) and the number of minority spin electrons plus features 
from the electronic densities of states. We interpret a key feature of our re- 
sults by a further investigation of Ni 80 Fe2o in which the effect of doping with a 
non-magnetic impurity is modelled simply. The next section outlines the theo- 
retical framework for compositional order in alloys and the theory for MAE in 
context of its dependence upon atomic short-range compositional order. The 
penultimate section presents our calculation of the dependence of MAE with 
compositional order in Nio.sFeo.2 and also analyses how much this varies with 
hypothetical band-filling. We deduce that the sensitivity of the high perme- 
abilities of the Ni .8Feo.2-xCu x to annealing conditions is itself dependent on 
the precise composition. The final section summarises and concludes. 



2 Magnetic Anisotropy of Metals and Alloys. 

Magnetic anisotropy of a material derives largely from spin-orbit coupling of 
the electronic structure. Both the origin of this effect, as well as the mag- 
netostatic effects which determine domain structure, can be found from the 
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relativistic generalisation of spin density functional theory. [10] From the for- 
mal starting point of the quantum electrodynamics of electrons interacting 
with an electromagnetic field, a system's ground state energy is the mini- 
mum of a functional of the charge and current densities. This minimisation is 
achieved, in principle, by the self-consistent solution of a set of Kohn-Sham 
Dirac equations for independent electrons moving in fields set by the charge 
and current densities. Once approximations for exchange-correlation and the 
Gordon decomposition of the current into orbital and spin pieces are made, 
the spin-orbit coupling effects upon the electronic structure can be represented 
and the magnetic anisotropy described. (The magnetostatic shape anisotropy 
is also described from within the same theoretical framework [10] but not 
considered for the cubic materials of this paper.) 

Most theoretical investigations of MAE and calculations of the anisotropy 
constants K place their emphasis on spin-orbit coupling effects using either 
perturbation theory or a fully relativistic theory, e.g. [9,7]. Typically the total 
energy, or the single-electron contribution to it (if the force theorem is used 
[11]), is calculated for two magnetisation directions, ei and e 2 separately, i.e. 
F ei , F e2 , and then the MAE, AF, is obtained from the difference between 
them i.e. 

& F tip 

AF(ei,e 2 ) = J en ei (e)de - J en e , 2 (e)de (1) 

where Ep, Ep are the Fermi energies when the system is magnetised along 
the directions ei and e 2 respectively and n ei(2) the electronic density of states. 
However, the MAE is a small part of the total energy of the system, in many 
cases of the order of fieV and it is numerically more precise to calculate the 
difference directly [7]. We follow this rationale here for the study of soft mag- 
netism and calculate the MAE from 



AF = - J [JV(e;ei) - N(e;e 2 )]de - ^n(E F2 ;e 2 )(E Fl - E F2 f (2) 
+0(E Fl -E F2 ) 3 

where N(e; e) represents the density of states of a system magnetised along 
e integrated up to energy e. In most cases, the second term is very small in 
comparison with the first. For a binary component disordered alloy, Ai_ c B c , 
the MAE can be written using the Lloyd formula [12] for the integrated density 
of states in Eq. (3) to get 

AF=--9 [ de \-^— [ dk ln||/+[t c - 1 (e 2 )-t c - 1 (e 1 )]r c (k;e 1 )|| 
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+ (1 - c){ln \\D A (e 1 )\\ - In ||LU(e 2 )||} + c{ln \\D B (e 1 )\\ - In ||D B (e 2 )||} 
- \n{E F2 - e 2 )(E Fl - E F2 f + 0(E Fl - E F2 f (3) 

In Eq. (3), t c (ei) and t c (e 2 ) are the SPR-KKR-CPA t-matrices for magneti- 
sation along ei and e 2 directions respectively and r c (k; ei) is the scattering 
path-operator 

r c (k;e 1 ) = [t c - 1 (e 1 )-^(k)]- 1 (4) 

and r°° is its integral over the Brillouin zone. D A {ei) is found from 

D A ( ei ) = [I- Tf (eOK^ex) - ^(ex)}]" 1 (5) 

with similar expressions for Da(g 2 ), D B {ei), and D B {e 2 ). Note that t^(e 2 ) 
and ts(e 2 ), the single site t-matrices for A and B atoms respectively spin- 
polarised along e 2 , can be obtained directly from ^(ei) and t B {ei) respectively 
by simple rotational transformations. [7] The numerical accuracy of our SPR- 
KKR-CPA calculations is to within 0.1 fieV (or 10 4 erg/cm 3 ) and thus the 
scheme is suited for studies of magnetically soft alloys. Full details of the 
method can be found elsewhere. [7,8,13] 



3 Magnetostriction 

The magnetostriction constant A oi represents the relative change of length 
{SI /I) measured along [001] when an external magnetic field is applied along 
to the direction of observation. For a cubic system Aooi appears in the expres- 
sion [14] 

£i = -^Aooi(Cn-C 12 ), (6) 

where, Bi is the rate of change of the MAE, AF((001), (100)), with tetragonal 
strain, t, along [001], at t — 0. Cn and Ci 2 are the cubic elastic constants which 
are related to the tetragonal shear (C) modulus: C = {Cn — Ci 2 )/2. A oi of 
Fe, calculated from this expression using a full-potential DFT method, has 
a large value in comparison with experiment. [15,16] Freeman and co-workers 
have estimated Cn — Ci 2 from a fit of their calculated total energies to simple 
quadratic functions of the tetragonal distortion t and calculate B 1 from the 
gradient of the energy difference AF((0, 0, 1), (1, 0, 0)) with respect to t. In the 
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case of Fe this approach produces an estimate of Aooi greater than that found 
experimentally. [17,18] Rather than to estimate C\\—C\i from such total energy 
calculations, here we assume that it is relatively insensitive to composition and 
we follow the trends of the magnetostriction from our relativistic electronic 
structure calculations of B\. 



4 The magnetic anisotropy and magnetostriction of the prototyp- 
ical binary Nio.sFe .2 alloy 

As the first step, one-electron potentials for the fee Ni .8Fe .2 and Nio.75Feo.25 
randomly disordered bulk alloys were calculated self-consistently, using the 
scalar relativistic SP-KKR-CPA technique [7,8] and the atomic sphere ap- 
proximation (ASA). The unit-cell volume was fixed at the experimental vol- 
ume of each concentration. Exchange and correlation were accounted for using 
the local spin density approximation (LDA). The average spin magnetic mo- 
ment of Ni!_ c Fe c alloy decreases slightly with decreasing Fe concentration from 
1.14/xg at c=0.25 to the value of 1.05/x.b at c—0.2. As cp e decreases between 
0.25 > c > 0.2, the Fe spin magnetic moment increases from 2.61/zb to 2.63/x.b 
whereas the Ni spin moment of 0.65/ie is unchanged. These results are in good 
agreement with both neutron diffraction experiments and previous ah initio 
calculations. [19,20] 

In Fig. 1, we plot the total, spin- and component-resolved densities of states 
(DOS) of Ni .8Fe .2 together with the band-filling curve Z v . These also con- 
cur with previous calculations. [19,20] In common with other late transition 
metal strong ferromagnets, the majority spin d-states are completely filled and 
the majority spin DOS associated with the Fe and Ni sites are very similar 
displaying no evidence of the compositional disorder. This is contrary to the 
minority spin DOS where some of the Fe-related d-states are split away above 
the Ni-related ones. 

Using the fully relativistic SPR-KKR-CPA method [7] we calculated the MAE 
of Ni .8Fe .2 and Nio.75Feo.25 and their dependence on volume conserving tetrag- 
onal distortions to obtain B\. The results are plotted in the upper panel of 
Fig. 2 together with the experimental MAE value (2.7 /xeV) of bulk fee Ni. 
For c/a — 1, £[o,o,i] = 0, the easy axes are directed along (111) and the mag- 
nitude of the MAE (AF((001), (111))) drops from 1.9 pieV to 0.9 pieV as c Fe 
decreases between 0.25 < c < 0.2. This sharp decrease in the MAE for c ^0.2 
is consistent with experiment. The t-distortions, which break the cubic sym- 
metry making the [001] and [100] directions non-equivalent, increase the MAE 
significantly. In Fig. 2, we plot the MAE of Nii_ c Fe c as the c/a ratio is altered. 
The slopes of these graphs around t = or c/a = 1 produce the coefficient B\ 
related to the magnetostriction. The two concentrations cp e were chosen to il- 
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lustrate the sensitivity of MAE to the Fe content and t- deformations. B\ is neg- 
ative for both Ni .8Fe .2 and Nio.75Feo.25 and \Bi(cp e = 0.2) j < \Bi(cp e = 0.25) | 
which is consistent with experimental observation that the magnetostriction 
A passes through zero near this composition region. 

In the next section we look at the effect of adding non-magnetic impurities, Cu 
and Mo, to nickel-iron alloys in the permalloy composition range. Experimen- 
tal data suggest that both the MAE and magnetostriction are very sensitive 
to low concentrations of dopants. We see whether this feature is evident from 
the electronic structure-based calculations of the MAE and B^. 



5 Magnetic softening in the Ni-Fe-Cu and Ni-Fe-Mo permalloys. 

Properties of non-magnetic <i-metals, dissolved substitutional^ in ferromag- 
netic hosts, have been well-documented. [21,22] If a late transition metal such 
as Cu is added to permalloy, alongside the reduction in the amount of iron, 
a net decrease in the number of minority spin d-electrons is to be expected. 
The d-states associated with Cu will hybridise strongly with the nickel-related 
d-states and the Fermi energy for the alloy will be shifted upwards. There is 
also a net reduction in the number of minority spin d-electrons if an early 
transition metal such as Mo is added. The impurities will produce virtual 
bound states above the ferromagnetic host's majority spin d-bands and the 
impurity d-levels will hybridise with the host sp-conduction electrons. There 
will be a further hybridisation with the minority-spin d-electrons in permalloy 
associated with the Fe sites and an anti-parallel moment is expected on the 
Mo impurity sites. Pushing majority spin states above the Fermi energy by 
adding Mo thus enables more minority spin states to be occupied, N^. If the 
MAE and magnetostriction vary with iVj_, as suggested by James et al. [9], Cu 
and Mo additions to permalloy should have similar effects on these quantities. 
Our results broadly bear this out. The spin magnetic moments, number of 
valence electrons and number of minority spin electrons calculated for various 
ternary Ni-Fe-Cu and Ni-Fe-Mo alloys are given in Table. 1. 

In Fig. 2 we display AF((001), (111)), AF((001), (110)) and AF((001), (111)) 
of 5 at.% Cu(Mo) Ni-Fe-Cu(Mo) alloys, as the c/a ratio is altered. The trends 
in the MAE and B\ for both the Cu- and Mo-doped alloys are roughly similar 
but there are some differences. In the case of Ni-Fe-Cu, (i) the easy axis is along 
[111] while the magnitude of MAE never exceeds 1 /xeV at c/a =1, and (ii) the 
Bi gradually decreases with increasing cp e to a near zero value at cp e =0.225. 
For the Ni-Fe-Mo system, (i) the easy axis along [100] is perpendicular to 
the magnetisation direction, (ii) the MAE values are nearly zero, and (iii) 
Bi changes the sign when cp e varies between 0.2 and 0.225. In both cases 
impurity-doping changes the magnetic anisotropy and magnetostriction of Ni- 
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rich Ni-Fe in such a way that enhances their permeability. 

The differences in the total DOS when c/a varies, ADOS, of Nio.75Feo.2Cuo.05 
and Nio.75Feo.2Moo.05 between the magnetization directions along [001] and 
[111] are plotted in Fig. 3. The comparison with the corresponding ADOSs of 
binary Nio.sFeo.2 illustrates the doping effect on the magnetic softening. We 
note from Fig. 2 that changing the composition of permalloy from Nio.80Feo.20 
to Nio.80Feo.15Cuo.05 or Nio.80Feo.15Moo.05 has switched the sign of the slope, B ± , 
of these lines. This suggests that at some intermediate doping level, B 1 and 
therefore the magnetostriction should be zero. Before embarking on a course 
of further calculations for ternary alloys in this composition region we tested 
a model based upon the parent Ni .soFeo.2o system. 

Fig. 4 shows all three magnetic anisotropy energies, AF((001), (111)), 
AF((001),(110)) and AF((001), (111)) for Ni . 8 oFe .2o as a function of the 
tetragonal distortion t. B\ from all three curves is negative. We also see how 
the MAE and B\ changes when the Fermi energy is shifted upwards to mimic 
roughly the effect of alloying with non-magnetic dopants by increasing the 
number of minority spin-electrons. With the 'correct' band-filling (Fermi en- 
ergy unshifted) (Z V =9.Q el.), the sign of B x is negative as shown also in Fig. 2. 
When ^=9.85 el. (corresponding to E F +0.14 eV) the MAE is tiny and the 
slope B\ ~ implying a very small magnetostriction (A ~ 0). Further increase 
of Ep causes B\ to become larger and positive, increasing the magnitude of A. 
We now see if we can reproduce this situation by doping with a non-magnetic 
transition metal. 

Fixing the Ni concentration at c^i =0.8 we calculated the MAE and B\ over 
a narrow range of Cu concentration, 3< Cq u <5 at.%. Fig. 5 shows the re- 
sults. In line with the scenario described in Fig. 4, the MAE and B\ become 
vanishing small when between 3 and 4 % of Cu is added. The ternary alloys 
Nio.8oFeo.i7-(5Cuo.o3+<5, < 5 < 0.01 are therefore very soft magnets, since the 
easy-axis direction switches and Bi, changes sign. Hence, for this narrow com- 
position range of Ni-Fe-Cu, the magnetostriction coefficients, A — > while the 
MAE value remains low enough for this alloy to develop high permeability. 

From the MAE calculations of pure Fe and Ni we know that the lattice con- 
stant is also an important factor. Here we have used the experimental lattice 
constants and therefore, the magnetovolume effect has not been examined. 
Our SPR-KKR-CPA calculations have been used to study the effect of the 
variation of doping with an early and late transition metal on the magnetic 
anisotropy properties of permalloys and give an explanation of the experi- 
mentally observed and well-known facts on the preparation of the high per- 
meability materials. In particular we have demonstrated why extremely soft 
magnetic properties of Ni-Fe-Cu(Mo) are developed for rather narrow concen- 
tration ranges of the Cu/Mo dopants, depending on the Fe content in Ni-rich 
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compositions. Up to now we have assumed that the alloys are completely com- 
positionally disordered. Preparation procedures for high permeability permal- 
loys, however, do instill varying degrees of long- or short-range compositional 
order which alter the magnetic properties significantly. We study this aspect 
in the next sections. 



6 Compositional order and magnetic anisotropy 



Ordering in alloys can be conveniently and succinctly classified in terms of 
static concentration waves. [23] For example, at high temperatures, a binary 
alloy A C B\^ C where the atoms are arranged on a regular array of lattice sites, 
has each of its sites occupied by either an A- or I?-type atom with probabilities 
c and (1 — c) respectively. In general, in terms of a set of site-occupation 
variables (with = 1(0) when the i-th site in the lattice is occupied by 
an A(B)-tjpe atom) the thermodynamic average, of the site-occupation 
variable is the concentration q at that site and for the solid solution q = c for 
all sites. Below some transition temperature, T a , the system orders or phase 
separates so that a compositionally modulated alloy forms. The temperature- 
dependent fluctuations of the concentrations about the solid solution value c, 
{Set} = {ci — c}, can be pictured as a superposition of static concentration 
waves, [23,24] i.e., 



where, c q are the amplitudes of the concentration waves with wave-vectors q, 
and Rj are the lattice positions. Usually only a few concentration waves are 
needed to describe a particular ordered structure. For example, the CuAu-like 
Ll tetragonal ordered structure is set up by a single concentration wave with 
c q — \ an d q = (001) (q is in units of — , a being the lattice parameter). The 
Cu 3 Au Ll 2 ordered phase which Ni a75 Feo.25 forms below T = 900K, is set by 
three waves with q = (001), (010) and (100). 

The Free Energy of a partially ordered alloy can be estimated in terms of a 
quantity Sff 



[ ' ~ dc,dc k 



{ci=c} 



i.e. a second derivative with respect to concentration of the Grand Potential 
describing the interacting electron system which constitutes the alloy. [24] 
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Sij' is formally a direct pair correlation function but can loosely be pic- 
tured as an effective atom-atom interchange energy. It is determined by the 
electronic structure of the disordered phase, the solid solution. The atomic 
short-range order, = — (&) (£■/)], whose lattice Fourier transform 

a(q, T) can be measured by diffuse scattering experiments, is related directly 
via a(q,T) = (3c(l - c)/(l - (3c(l - c)S {2 \q)) where S {2 \q) is the lattice 

(2) 

Fourier transform of S^- . The spinodal transition temperature T a , below 
which the alloy orders into a structure characterized by the concentration 
wave- vector q ma x, is determined by (q max ) , where q max is the value at 
which S^ 2 \q) is maximal (q maa; = (0, 0, 1) for Ll order). We can write, [24,25] 
T = c(l - c)S {2 \q max )/k B . Calculations of S (2) (q) then can provide a quan- 
titative description of the propensity of an alloy to order when thermally 
annealed. 

The MAE of a ferromagnetic alloy with a compositional modulation can be 
defined in terms of the difference between the free energies of the system mag- 
netised along two different directions ei and e 2 . If the modulation is specified 
by a concentration wave of amplitude c q and wavevector q, this difference can 
be approximately written as 

AF(ei,e 2 )) « AF dis -(e 1 ,e 2 ) - K(q;e 1 ,e 2 )\c Ci \ 2 (7) 



where K(q;e 1 ,e 2 ) = |[S ,< ^ 2 ^(q;e 1 ) — S^q; e 2 )], half the difference between 
the direct correlation function S'^(q) for the ferromagnetic alloy magnetised 
along ei and along e 2 . AF dls ' is the MAE of the completely disordered alloy [7] 
which we have calculated earlier in this paper for Ni-Fe, Ni-Fe-Cu and Ni-Fe- 
Mo. For an alloy with atomic short range order cc(q; T) the MAE is expressed 

AF(ei,e 2 ) » AF d "-(ei,e 2 ) - j^k B T f dq f K(q'; e±, e 2 )a(q', T; ei) (8) 

VBZ J 

Now a(q, T;ei) is a structured function of q with peaks located at q max , 
wavevectors of the concentration waves which characterise the ordered phase 
the alloy can form at low temperatures at equilibrium. Just above T Q where the 
ASRO is pronounced the second term becomes ~ — c(l — c)K(q max ; e±, e 2 ). 
Full details on how the dependence of MAE on compositional ordering can 
be calculated from ab-initio electronic structure calculations can be found in 
references [7,8]. Another aspect of this approach can be obtained from cal- 
culating (q; e) for different q- vectors, whilst keeping the magnetic field 
and magnetization direction fixed and gives a quantitative description of the 
phenomenon of magnetic annealing [8] in which an applied magnetic field can 
cause directional compositional ordering. For a magnetically soft alloy such as 
the 75 % Ni permalloy this leads to a significant uniaxial anisotropy. [7] In ad- 
dition to permalloy, we have also used this approach to investigate the relation 
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of MAE to compositional order in Fe .5Co .5, Coo.sPto.s and Feo.5Pdo.5- [26] 

In the next section we use this approach to investigate how the effect of com- 
positional order on the magnetic anisotropy of permalloy Ni .8oF e o.2o varies as 
the number of minority spin electrons is increased. Once again this can be 
taken as a simple model of the influence of adding non-magnetic impurities. 



7 The dependence of the magnetocrystalline anisotropy of Ni .8Fe .2 
upon chemical order 

As expected from its inherent cubic symmetry and confirmed by our calcu- 
lations, completely disordered fcc-Ni .8Fe .2 has a tiny magnetic anisotropy 
(AF* s -((0,0, 1), (1, 1, 1)) < 1/xeV). This is demonstrated in the upper panel 
of Fig. 6 and discussed earlier. The magnetic anisotropy is further reduced by 
shifting the Fermi energy upwards so that iVj_ is increased. The lower panel 
of Fig. 6 shows what happens to X(q'; (001), (100)) and K(q'; (001), (111)) 
for similar circumstances. For the 'correct' E F , (Z u =9.6 electrons), the val- 
ues suggest a significant enhancement of the magnetic anisotropy if there is 
directional long- or short-range order in Ni . 8 Fe .2- As Ep is shifted upwards 
so that Z„ =9.7, K(q'; (001), (100)) and K(q'; (001), (111)) double in size but 
then drop sharply to zero when the band-filling reaches 9.83. The MAE and 
B 1 of the disordered alloy are also very small at this band-filling. We can de- 
duce therefore that a ternary alloy with composition near Ni a80 Fe .i7Cuo.o3, 
compatible with this band-filling, may have high permeability which is also 
rather insensitive to its preparation conditions. Fig. 6, moreover, shows that 
this insensitivity is expected only for a very narrow composition range. 



8 Summary 

Calculations of the magnetic anisotropy and the trends for magnetostriction 
in fee 80 % Ni based Ni-Fe permalloys have been carried out, using the fully 
relativistic spin-polarized KKR method within the CPA. The reliability of 
this method to model magnetic anisotropy in soft magnetic materials has 
been demonstrated. The trends found in the MAE calculations for Nio. 8 Feo.2 
are in a good agreement with those found in experiments. A description of 
magnetic softening caused by doping with non-magnetic metals Cu and Mo has 
been given. We have linked these results to further calculations for Ni a8 Fe .2 
where the number of minority-spin electrons has been artificially increased. 
Our estimates of the effects of atomic short- and long-range chemical order 
on the magnetic anisotropy of these permalloys show strong variation with 
composition. Pooling the results, we have managed to follow the well-known 
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empirical trends and to show how a potentially perfect permalloy might be 
found with zero magnetic anisotropy and zero magnetostriction and which is 
also rather insensitive to its preparation conditions. 
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Fig. 1. The component-resolved and total DOS of Nio.sFeo.2 are shown in the upper 
panel (a) together with the band- filling curve Z v . In the (b) panel, the spin-projected 
DOS are shown. 
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Fig. 2. The MAE, AF((001),e 2 ), with e 2 = (100), (110) and (111) of randomly 
disordered fct Nii_ c Fe c , calculated by SPR-KKR-CPA, is shown as a function of 
tetragonal c/a variations in the upper (left) panel. The experimental MAE value 
of bulk fee Ni is marked by an arrow. In the following four left (right) panels, we 
plot the variations of AF's with respect to c/a for the ternary Ni-Fe-Cu(Mo) alloys 
doped with 5 at.% Cu (Mo). 
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Fig. 3. The differences in the total DOS of Nio.sFeo.2 between the magnetization di- 
rections along [001] and [111] are plotted in panel (a) for perfect cubic structure, the 
tetragonal compression (c/a =0.98) and elongation (c/a =0.98). The correspond- 
ing ADOS of Nio.75Feo.2Cuo.05 and Nio.75Feo.2Moo.05 are shown in the (b) and (c) 
panels, respectively. 
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Fig. 4. The MAE, AF((001), (100)), of Nio. 8 Fe .2 as a function of the i-deformations 
for several different band-fillings. 
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Fig. 5. The MAE AF((001),e 2 ) for e 2 = (111), (110) and (100) as a function 
of tetragonal deformations for the 80 % Ni based permalloys. The AF's of the 
Nio.sFeo.2 binary alloy are plotted in the upper panel. In the three lower panels, we 
show how the sign of the slope, B\, is changed when concentration of dopant (Cu) 
varies between 3 and 5 at.%. 
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Fig. 6. The AF((001), e 2 )'s for e 2 = (100) and (111) of the randomly disordered 
Nio.sFeo.2 alloy are shown in the upper panel as a function of the band-filling pa- 
rameter Z v . In the lower panel, the corresponding variation of the s with com- 
position modulation, i.e. K(q; (001), e 2 ) calculated for the modulation q = (0,0, 1) 
are plotted as functions of Z v . 
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Fe 


..Cu(Mo) 


A* 


Z v 




Nio.725Feo.225cuo.05 


0.58 


2.59 


0.06 


1.01 


9.60 


8.59 


Ni0.725Fe0.225MO0.05 


0.39 


2.30 


-0.12 


0.79 


9.35 


8.56 


Nio.75Feo.25 


0.65 


2.61 




1.14 


9.50 


8.36 


Nio.75Feo.2Cuo.05 


0.57 


2.63 


0.05 


0.96 


9.65 


8.69 


Nio.75Feo.2Moo.05 


0.42 


2.37 


-0.08 


0.79 


9.40 


8.61 


Nio.775Feo.175Cuo.05 


0.58 


2.62 


0.05 


0.91 


9.70 


8.79 


Nio.775Feo.175Moo.05 


0.41 


2.39 


-0.08 


0.73 


9.45 


8.72 


Ni .8Fe . 2 


0.65 


2.63 




1.05 


9.60 


8.55 


Nio.sFeo.15Cuo.05 


0.58 


2.66 


0.04 


0.87 


9.75 


8.88 


Nio.sFeo.15Moo.05 


0.40 


2.40 


-0.07 


0.68 


9.50 


8.82 



Table 1 

The component-resolved fi a , average spin magnetic moments p, (in //b), band-filling 
Z v and minority spin electrons TVj = Z v — p, in 80 % based Ni permalloys. 
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